Infection by the human bacterial pathogen Listeria monocytogenes is mainly controlled by the positive regulatory factor A (PrfA), a member of the Crp/Fnr family of transcriptional activators. Published data suggest that PrfA requires the binding of a cofactor for full activity, and it was recently proposed that glutathione (GSH) could fulfill this function. Here we report the crystal structures of PrfA in complex with GSH and in complex with GSH and its cognate DNA, the hly operator PrfA box motif. These structures reveal the structural basis for a GSH-mediated allosteric mode of activation of PrfA in the cytosol of the host cell. The crystal structure of PrfA WT in complex only with DNA confirms that PrfA WT can adopt a DNA binding-compatible structure without binding the GSH activator molecule. By binding to PrfA in the cytosol of the host cell, GSH induces the correct fold of the HTH motifs, thus priming the PrfA protein for DNA interaction.
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PrfA | glutathione | activation | Listeria | virulence T he Gram-positive bacterium Listeria monocytogenes is a saprophyte and a pathogen responsible for the severe disease listeriosis in humans on ingestion (1, 2) . Its ability to grow at low temperatures and in high-salt and low-oxygen conditions makes L. monocytogenes one of the most problematic foodborne pathogens. Pregnant women, immunocompromised persons, and other at-risk individuals are more vulnerable to invasive listeriosis, and the high mortality rates in these subpopulations (∼20-40%) demonstrate the clinical difficulty in dealing with these infections (1, (3) (4) (5) (6) .
The expression of key virulence factors necessary for infection by the human bacterial intracellular pathogen L. monocytogenes is controlled by the transcriptional activator PrfA, a member of the Crp/Fnr family (7) (8) (9) (10) . The list of identified Crp/Fnr family regulators is growing with the increasing number of whole bacterial genome sequences (11) ; however, for many of them, the functions are not well defined. Whereas most Crp family members require a small-molecule cofactor for DNA binding, PrfA is capable of binding to its consensus DNA sequence with low affinity even in the absence of a cofactor (12) . Nonetheless, the activity of PrfA is known to increase in the intracellular environment, which suggests that its activation is regulated by a host-derived or host-regulated cofactor (2, 13 ). An allosteric mode of PrfA activation is further supported by crystal structures in which the constitutively active PrfA mutant PrfA G145S positions the winged helix-turn-helix (HTH) motif in an ordered and exposed "active" conformation, in contrast to PrfA WT , where the HTH motif remains partially disordered (12, 14) .
It was recently suggested that reduced glutathione (GSH) can function as a cofactor for PrfA, thereby increasing the activity of PrfA at target genes (15, 16) . Based on a genetic selection approach, gshF in L. monocytogenes, encoding a glutathione synthase, was shown to be essential for PrfA activity (15) . Further work showed that reduced glutathione (GSH) could function as cofactor for PrfA, increasing the activity of PrfA at target genes (15, 16) . To elucidate the structural basis for allosteric activation by GSH, we determined the crystal structures of GSH bound to PrfA WT and of PrfA WT in complex with GSH as well as its operator DNA. The structures clearly show how GSH bound at the PrfA tunnel site stabilizes the HTH fold, thus increasing the ratio of active DNA-binding PrfA proteins over the inactive ones.
Results and Discussion
Binding of Glutathione to PrfA Induces Formation of the HTH Motif.
Structurally, each monomer of PrfA comprises an N-terminal eightstranded β-barrel domain connected by an α-helix linker to a C-terminal α/β domain (12, 14) . The C-terminal region contains the HTH motif responsible for binding to target DNA operators with the 14-bp palindromic "PrfA box" consensus sequence (TTAACANNTGTTAA) (12, 14) . The asymmetric unit of the PrfA WT -GSH complex crystals contains four biological dimers: monomers A-H. Difference Fourier and anomalous electron density maps confirmed the binding of GSH to PrfA WT in all monomers ( Fig. 1 A-D and Table 1 ). The electron density for the entire GSH molecule is unambiguous in monomers A-D. In monomers E-H, however, the glutamate and glycine groups of GSH are less well defined, with structural consequences that we discuss below.
In all monomers, GSH binds at an intraprotein tunnel site, located between the N-and C-terminal domains of the monomer ( Fig. 1 B  and C) . This region was recently identified by us as a binding site for a PrfA inhibitor based on ring-fused 2-pyridones (17) , and also has been identified as a putative cofactor binding site (2, 12) . In monomers A-D, GSH binds as an additional β-strand to the protein by making five main-chain contacts to β5 and the turn connecting to β6 (residues Tyr62-Ala66) ( Fig. 1 C and E and Fig. S1 ). The thiol group of GSH is buried in a hydrophobic pocket formed by the side chains of Tyr126 (positioned on αC), Tyr63(β5), Phe67(β5), and Trp224(αH). The deep end of the pocket is formed by Gln61(β5) and Gln123(αC) connected by hydrogen bonds. The carboxyl group of the GSH glutamate forms an electrostatic interaction with
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Lys122(αC) and is positioned ∼4 Å from the SH group of Cys229(αH). The backbone nitrogen atom of Lys64(β5) hydrogen bonds to GSH; however, its side chain does not contact the cofactor, but rather makes a hydrogen bond to the main-chain carbonyl oxygen of Val153(αD). Both Lys122 and Lys64 are known to affect the activation of PrfA (18) , in agreement with their observed binding pattern.
At the glycine end of GSH, the carboxyl group of glycine is positioned in the vicinity of the HTH motif, forming hydrogen bonds to the hydroxyl groups of Tyr126(αC) and Tyr154(αD) and water-mediated hydrogen bonds to the Oγ atom of Ser177 in the HTH motif (Fig. S1 ). Previous studies have implicated Tyr154 in the activation of PrfA, where a Tyr154-to-Cys substitution, like PrfA WT , promotes a modest increase in extracellular PrfA-dependent gene expression. However, in contrast to PrfA WT , the Y154C mutation inhibits host cytosol-mediated induction of virulence genes (19) . Furthermore, the backbone torsion angles of the GSH tripeptide are in an extended β-strand conformation, allowing it to make five main-chain contacts with strands β5 and the turn connecting to β6 (Fig. 1E) . Combined, these interactions lead to the collapse of the tunnel, which is needed for the formation of the activated structure of PrfA ( Fig. 2) (12) .
Interestingly, in two of the four dimers within the asymmetric unit of the PrfA WT -GSH crystal structure (i.e., dimers EF and GH), the GSH molecules are bound via their thiol groups in the hydrophobic pocket with weak electron density covering the glutamate and glycine parts of the molecules, which suggests flexibility of the ligands. Consequently, their HTH motifs are only partially folded, and for monomers F and H, the HTH loop is as flexible as in the PrfA WT apo structure [Protein Data Bank (PDB) For each structure, diffraction data were collected on a single crystal. Values in parentheses are for the highest-resolution shell. Resolution limits were determined by applying a cutoff based on the mean intensity correlation coefficient of half-datasets, CC 1/2 . PI, hydrogen phosphate ion. 
ID code 2BEO] (12)
. This shows that simply binding of GSH in the tunnel is not sufficient for activation-all three residues in GSH must be properly oriented to induce the active conformation of the HTH motif. Furthermore, to stabilize both HTH motifs in the active conformation within the PrfA WT dimer, two GSH molecules must bind correctly, one for each monomer.
Glutathione-Activated PrfA Is Primed for DNA Binding. Superimposition of the 237 alpha-carbon atoms of the PrfA WT -GSH complex onto the PrfA WT and the constitutively active PrfA mutant PrfA G145S structures results in RMSD values of 1.47 Å and 0.52 Å, respectively. The latter value shows that binding of GSH transformed PrfA WT into a structure very similar to the constitutively active mutant structure, primed for DNA binding. To confirm this observation, we determined the crystal structure of PrfA WT in complex with GSH and a 30-bp fragment corresponding to the PrfA box region of the hly operator (Fig. 3A, Table 1, and Fig. S2) . Superimposition of the PrfA WT -GSH and PrfA WT -GSH-DNA complexes showed that no additional changes to the PrfA WT -GSH structure occur when bound to DNA (RMSD of monomer A, 0.52 Å, and of monomer B, 0.41 Å, superimposing 234 Cα atoms; RMSD of dimers AB, 0.54 Å, superimposing 468 Cα atoms). This implies that the PrfA WT -GSH structure is primed for DNA binding via direct docking to the operator DNA with only minimal conformational changes to the protein. However, on binding to activated PrfA WT , DNA bends by ∼30°.
DNA bending can play a role in transcription activation, and the bent DNA structure observed here is in agreement with the three previously determined structures of complexes between Crp/Fnr family members and DNA: Crp from Escherichia coli (PDB ID code 1CGP) (20) , CprK from Desulfitobacterium spp. (PDB ID code 3E6C) (21), and FixK 2 from Bradyrhizobium japonicum (PDB ID code 4I2O) (22) . In these three cases, the DNA molecules are bent at 90°, 90°, and 55°, respectively (Fig. S3) . It is possible that PrfA WT needs an additional cofactor to accomplish further bending of DNA for full transcriptional activation. As predicted, DNA binding is mediated via the preformed HTH motif that was previously identified in the PrfA G145S mutant structure (12) and now has been found in the activated PrfA WT -GSH structure as well. Residues that constitute the HTH motif include PrfA, αE (H 1 ), Met171-Gly179; turn, Ile180-His182; and the recognition helix αF (H 2 ), Ser183-Lys197. PrfA makes both base-specific hydrogen bonds and nonspecific hydrogen bonds or charge-charge contacts with DNA.
The helices αD and αE are positioned perpendicular to the axis of the DNA helix and make electrostatic interactions through their N-cap amino groups to the phosphate backbone of T+2 and A-8, respectively. Perpendicular to these two helices lies the recognition helix αF in the major groove of the operator DNA (Fig.  3B) . Two base-specific interactions are formed between Ser184 and Arg188 and the bases of T+5 and G+3, respectively (Fig. 4) . Additional nonspecific charge-charge or hydrogen bonds between protein side chains and phosphate backbone groups include His182 to T+4, Ser187 to T-7, and Lys194 to T-7. Contacts between the winged β-hairpin (β-strands 13 and 14), composing residues Ile199-Gln209, are not clearly defined; however, there is evidence of a water-mediated contact between the side chain of Tyr-201 and the phosphate group of A-8.
Structural Mechanism of GSH-Mediated PrfA Activation. The molecular basis for PrfA activation can be readily explained by the GSH-induced conformational changes (Fig. 5 A and B) . The binding affinity of GSH to PrfA is ∼4 mM, a relatively low value for an activator molecule (15); however, both prokaryotes and eukaryotes maintain estimated intracellular concentrations of 0.1-10 mM glutathione (23) (24) (25) , demonstrating that the measured binding affinity is within a biologically relevant range (15) . The genetic selection method used to identify GSH as a cofactor suggests that GSH comes mainly from the bacteria (15) . By binding to PrfA in the cytosol of the host cell, GSH induces the correct fold of the HTH motifs, thus increasing the ratio of DNA binding-enabled PrfA proteins over the inactive ones (Fig. 5C ). The bending of DNA in the PrfA WT -GSH-DNA structure of ∼30°is less pronounced than that in other DNA-bound Crp/Fnr family members of known structure. It is possible that another factor or regulatory protein is required for full DNA bending and activation.
Because PrfA WT is known to interact with DNA even in the absence of an activator, we determined the crystal structures of the PrfA WT -DNA and the PrfA G145S -DNA complexes in the absence of GSH (Table 1) . Both structures are almost identical to the PrfA WT -GSH-DNA complex structure. Superimposition of the Cα backbone of the PrfA WT -GSH-DNA model with the Cα backbones of PrfA WT -DNA and PrfA G145S -DNA resulted in low RMSD values of 0.35 Å and 0.25Å, respectively. The PrfA WT -DNA structure confirms that PrfA WT can adopt a DNA binding-compatible structure without binding the GSH activator molecule.
Other Crp/Fnr family members, such as Crp in E. coli, use cAMP for activation (26) . In E. coli, cAMPs bind at the N-terminal domain of both Crp monomers, where the antiparallel β-roll structure composes part of the cAMP binding site (27) . Whereas the cAMP binding site is topologically conserved within the N-terminal domain of PrfA, the residues involved in cAMP binding are not (12) . The crystal structure of the PrfA WT -GSH complex shows that GSH does not bind at the conserved CrpcAMP binding site (Fig. 6) . The key amino acids for GSH binding are not conserved among the Crp/Fnr family members. Furthermore, binding of activator molecules in the tunnel has not been observed among homologous proteins. This observation supports previous notions that despite the significant structural similarity between its members, a distinct allosteric mechanism is the key strategy for this protein family to control a wide range of biological processes (20) (21) (22) .
Materials and Methods
Expression, Purification, and Crystallization. Using 5′ NcoI and 3′ Acc651 restriction sites, the PrfA gene was cloned into a modified pET24d plasmid containing an upstream, in frame coding region for a 6-His tag and a Tobacco etch virus (TEV) protease cleavage site (17) . The construct encodes the fulllength PrfA WT protein (M1-N237) and results in the addition of two nonnative N-terminal residues (GA) on TEV cleavage. Creation of the PrfA G145S construct was performed with the QuikChange Site-Directed Mutagenesis Kit (Agilent), using the plasmid described above as a template. The protein was overexpressed in E. coli BL21 (DE3) plysS (Novagen) cells. Cultures were grown at 310 K in LB medium supplemented with 50 μg mL −1 kanamycin and 34 μg mL
chloramphenicol to an OD 600 of 0.6, at which point protein expression was induced by the addition of isopropyl β-D-1-thiogalactopyranoside to a final concentration of 0.4 mM, and continued growth overnight at 293 K. Cells were harvested by centrifugation and lysed by sonication on ice. Purification of PrfA WT for crystallization in the absence of DNA was performed as described previously (17), but with the addition of a final size-exclusion chromatography step performed in a HiLoad Superdex 75 16/60 column (GE Healthcare) equilibrated with 20 mM sodium phosphate pH 6.5, and 200 mM NaCl. PrfA WT and PrfA G145S proteins used for crystallization in complex with DNA were purified on a 5-mL HisTrap HP nickel-affinity column in lysis buffer containing 20 mM Tris·HCl pH 8.0, 20 mM imidazole, and 500 mM NaCl. Samples bound to the column were washed with 10 column volumes of lysis buffer and then eluted with a linear gradient of 20-500 mM imidazole. The polyhistidine tag was removed by overnight cleavage with TEV protease. Cleaved target proteins were separated from 6-His-tagged TEV protease, 6-His-tagged fragments, and uncleaved target proteins by nickel-affinity chromatography as described above. The final step in PrfA WT and PrfA G145S purification was done by size-exclusion chromatography using a HiLoad Superdex 200 16/60 column (GE Healthcare) equilibrated with 20 mM Tris·HCl pH 8.0 and 150 mM NaCl. The purity of the proteins as assessed by SDS/PAGE was >95%.
Each protein was concentrated using an Amicon Ultra centrifugal filter device (Millipore) before being flash-cooled in liquid N 2 and stored at −80°C. Two complementary 30-bp DNA oligonucleotides, representing the hly PrfA box motif, were purchased from Eurofins Genomics (5′-TTGAGGCATTAACATTTGT-TAACGACGATA-3′, reverse complement: 5′-TATCGTCGTTAACAAATGTTAATG-CCTCAA-3′) and annealed by slow cooling from 95°C to room temperature over 3 h in 10 mM Tris·HCl pH 8.0, 50 mM NaCl, and 1 mM EDTA to form a blunt-ended DNA duplex. PrfA WT in complex with GSH was crystallized by the hanging-drop vapor-diffusion method in VDX plates (Hampton Research) at 291 K. Before the crystallization setup, GSH and DTT were added to the protein solution to a final concentration of 5 mM and 1 mM, respectively. Droplets of 4 μL of protein solution at 3 mg mL −1 were mixed with 2 μL of reservoir solution consisting of 22% PEG 4000 and 100 mM sodium citrate pH 5.5. Crystals used for data collection were obtained after 48 h. Before vitrification, crystals were equilibrated for 24 h in a solution containing 30% PEG 4000, 100 mM sodium citrate pH 5.5, and 50 mM GSH. For crystallization of PrfA WT -DNA and PrfA G145S -DNA complexes, protein and duplex DNA were incubated together at a ratio of 1:1.3 (PrfA dimer:hly DNA) at a final concentration of 50 μM and 70 μM, respectively, in 20 mM Tris·HCl pH 8.0, 150 mM NaCl, and 1 mM DTT for 60 min at room temperature, before being used for the crystal setups. Crystals were obtained after 24 h by mixing 4 μL of protein-DNA solution with 2 μL of reservoir solution consisting of 8% PEG 8000, 100 mM sodium acetate pH 4.6, 100 mM magnesium acetate, and 20% glycerol. Crystals of PrfA WT -DNA and PrfA G145S -DNA were cryoprotected in reservoir solution containing 30% glycerol. Crystals of PrfA WT -DNA in complex with GSH were obtained by soaking PrfA WT -DNA crystals in reservoir solution containing 30% glycerol and 100 mM GSH for 24 h.
Data Collection and Refinement. Diffraction data at 100 K were collected at the BESSY (PrfA G145S -DNA, BL14.1; λ = 0.9184 Å) and the ESRF (PrfA WT -GSH and PrfA WT -GSH-DNA, ID29; λ = 1.0725 Å, and PrfA WT -DNA, ID23-2; λ = 0.8729 Å). Diffraction images were processed with XDS (28) and scaled and merged using AIMLESS from the CCP4 software suite (29) . All structures were determined by molecular replacement with the PHASER program from the PHENIX program suite (30) using the PrfA G145S structure (PDB ID code 2BGC) (12) as the search model. The atomic models were built manually built using Coot (31) and refined with PHENIX Refine (30) . Each chain of the palindromic DNA is numbered from −15 to +15. Initial crystals of the PrfA WT -GSH complex could be obtained only at low concentrations (i.e., 5 mM GSH); however, the structure could be only partly determined owing to the low occupancy of the GSH (K d ∼4 mM) (15) . Soaking the initial PrfA WT -GSH complex crystals in high concentrations of GSH (50-100 mM) improved crystal quality and fully occupied GSH-binding sites could be identified in the electron density. It is worth noting that a large part of the C-terminal DNA-binding region, including the flexible parts of the HTH motif, is not involved in crystal packing contacts; thus, crystal packing interactions do not prevent GSH from binding or prevent HTH from correctly folding in the crystal. Data collection and refinement statistics are shown in Table 1 . Ramachandran outliers are <0.2% for all structures.
Figures were prepared with CCP4mg (32).
Data Availability. The atomic coordinates and structure factors have been deposited with the Protein Data Bank (33) (PDB ID codes 5LRR for PrfA WT -GSH, 5LRS for PrfA WT -GSH-DNA, 5LEJ for PrfA WT -DNA, and 5LEK for PrfA G145S -DNA).
